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We identified, cloned, and functionally characterized a new avian hepadnavirus infecting storks (STHBV). STHBV has the
largest DNA genome of all avian hepadnaviruses and, based on sequence and phylogenetic analysis, is most closely related
to, but distinct from, heron hepatitis B virus (HHBV). Unique for STHBV among the other avian hepadnaviruses is a potential
HNF1 binding site in the preS promoter. In common only with HHBV, STHBV has a myristylation signal on the S and not the
preS protein, two C terminally located glycosylation sites on the precore/core proteins and lacks the phosphorylation site
essential for the transcriptional transactivation activity of duck-HBV preS protein. The cloned STHBV genomes were
competent in gene expression, replication, and viral particle secretion. STHBV infected primary duck hepatocytes very
inefficiently suggesting a restricted host range, similar to other hepadnaviruses. This discovery of stork infections unravels
novel evolutionary aspects of hepadnaviruses and provides new opportunities for hepadnavirus research. © 2001 Academic
PressKey Words: hepatitis; avian virus; liver tropism; chronic viral infection; HBV; hepadnaviridae; viral epidemiology; hepadna-
virus; hepatopathogenesis; hepatocytes.
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qINTRODUCTION
Hepatitis B viruses (HBVs) are enveloped, mainly
hepatotropic DNA viruses and belong to the Hepadna-
viridae family, which is divided into two genera, Ortho-
hepadnaviruses found in mammals and Avihepadnavi-
uses found in birds. The replication of all members of
his family involves reverse transcription of an RNA in-
ermediate. Therefore, they are pararetroviruses and
lassified together with members of the Retroviridae and
he Caulimoviridae into the genome type of reverse-
ranscribing viruses (Mayo and Pringle, 1998).
In addition to humans (HBV), naturally occurring ortho-
epadnaviruses have been identified so far in rodents
woodchucks (WHV), ground and arctic squirrels (GSHV
nd AGSV)) and in old as well as in new world primates
woolly monkeys, orangutans, gorillas, gibbons) (see re-
iew, Scha¨fer et al., 1998). Naturally occurring avihepad-
aviruses have been described first to occur in Pekin
ucks (Anas domesticus) (DHBV) from China and U.S.
Zhou, 1980; Mason et al., 1980), and subsequently in
arious other duck strains (for review, see Scho¨del et al.,
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114991; Triyatni et al., 2001 and references therein). Viruses
elated to DHBV have also been found in three other
vian species, namely in gray herons (Ardea cinerea)
HHBV), in a Ross’ goose (Anser rossii) (RGHBV), and in
now geese (Anser caerulescens caerulescens) (Chang
t al., 1999 and references therein).
Hepadnavirus genomes are small (3.0–3.3 kb), par-
ially double-stranded, open circular DNAs containing
xtensively overlapping genes. These encode both struc-
ural (envelope proteins, designated S and preS, as well
s the nucleocapsid proteins) and nonstructural proteins
precore and its proteolytically processed and secreted
orm, designated e-antigen, as well as the viral polymer-
se P). A regulatory protein, designated X, is known to be
xpressed by mammalian viruses and from an open
eading frame without a conventional start codon also
rom duck hepatitis B virus (Chang et al., 2001). An X-like
RF has recently been detected also in genomes of
eron and snow goose hepatitis B viruses (HHBV and
GHBV), and of a Ross’ goose derived virus genome
Netter et al., 1997), but it is not known whether the
orresponding proteins are expressed. For unknown rea-
ons, the X proteins of all avian hepadnaviruses, as
educed from the DNA sequence information, are
horter in length and differ drastically in primary se-
uence from those of mammalian viruses. The X proteins
f mammalian hepadnaviruses are believed to play a
ole in hepatocarcinogenesis, whereas the X proteins of
(115HEPATITIS B VIRUS IN STORKSDHBV obviously does not because, unlike in mammals
chronically infected with hepadnaviruses, there is no
correlation between the development of hepatocellular
carcinoma and chronic DHBV infection (Cova et al.,
1993). The failure to detect HCC in avian species may be
linked to the timing and mode of transmission of these
viruses since they are usually transmitted vertically by in
ovo transmission, resulting in congenital infection with
immune tolerance and an absence of liver disease. Most
ducks that have been assessed for the development of
HCC have been infected by in ovo transmission. In con-
trast, infection with the mammalian hepadnaviruses al-
ways occurs at the time of birth or later in development,
leading to transient or chronic outcomes of infection with
greater degrees of immune-mediated liver damage that
are believed to play a role in the development of hepa-
tocellular carcinoma (HCC). Interestingly, it has been
reported that experimental infection of 4-month-old
ducks with DHBV also leads to the development of tran-
sient and chronic infections with mild and marked liver
disease (Jilbert et al., 1998) and these animals have a
greater chance of developing HCC. The ability of avian
species to develop HCC may also be affected by their
shorter life span.
Several promoters, one (DHBV) or two (mammalian
hepadnaviruses) transcriptional enhancers, as well as
many transcription-factor binding sites, are known to
regulate hepadnavirus gene transcription (for review see
Yen, 1993). The longer-than-genome sized mRNAs and
the subgenomic mRNAs synthesized from the viral pro-
moters have different 59 ends but are all colinear at the
39 end due to a unique processing/polyadenylation sig-
nal. While all mammalian HBVs are to various degrees
pathogenic for their hosts, infection of ducks with DHBV
is not or less harmful to the animal, except when mutated
(Lenhoff et al., 1999). Patients chronically infected with
HBV are at high risk of developing cirrhosis and hepa-
tocellular carcinoma. The lack of an association of HCC
development with chronic DHBV infection is possibly due
to structural and functional differences in the X proteins
of DHBV and mammalian hepadnaviruses. Whether any
of the other avian hepadnaviruses are pathogenic is not
known.
All identified hepadnaviruses have a very restricted
host range and tissue tropism. For instance, DHBV iso-
lated from Pekin ducks infects some species of ducks
and geese but can neither be transmitted to Muscovy
ducks (Cairina moschata), a domesticated duck not de-
scending from mallards (common ancestor of domestic
ducks), nor to chickens (Gallus gallus domesticus)
Marion et al., 1987). HHBV does not infect ducks (Spren-
gel et al., 1988) and infects only very inefficiently primary
duck hepatocytes (Ishikawa and Ganem, 1995). How-
ever, substitution of a small region of the HHBV-specific
preS domain by the corresponding DHBV protein renders
this hybrid virus infectious for ducks and primary duckhepatocytes (Ishikawa and Ganem, 1995). This provided
the first evidence that a region of the preS protein is a
host range determinant of hepadnaviruses. Other studies
on HHBV revealed new control elements involved in viral
replication (Mueller-Hill and Loeb, 1996) and novel as-
pects in virus receptor recognition (Urban et al., 1998).
Taken together, these data demonstrate exemplarily the
value of such comparative studies between different
hepadnaviruses for the understanding of hepadnavirus
biology. The elucidation of evolutionary relationships be-
tween different hepadnaviruses, of mechanisms of host
adaptation, receptor recognition, and pathogenesis, are
good reasons for the interest in new members of hep-
adnaviruses that may occur in additional species of
birds. Moreover, the DHBV/duck system is well estab-
lished and the most convenient animal model for hepad-
navirus research. Furthermore, it allows both in vitro and
in vivo infection experiments with novel members of
avian hepadnaviruses and chimeric viruses. Last but not
least, identification of viruses in endangered animals
may provide information which may soon be inevitably
lost forever.
In this study, we report the identification and structural,
evolutionary, and functional characterization of a novel
member of the avian hepadnavirus family which endem-
ically occurs in white storks (Ciconia ciconia), a threat-
ened species (Pastro et al., 2001).
RESULTS AND DISCUSSION
Detection of HHBV-related large envelope proteins in
stork sera
Based on the close evolutionary relationship between
herons and storks (Slikas, 1997), we assumed that hep-
adnaviruses in both animal species are also closely
related. Therefore, we used an antiserum raised against
the entire HHBV preS-protein domain to search for hep-
atitis B viruses in sera of several members of the stork
family (see Materials and Methods). With this antiserum
a total of 17 sera derived from white storks were exam-
ined for the presence of HHBV-related envelope proteins
by enzyme-linked immunosorbent assay (ELISA) and/or
immunoblotting. Fourteen of 17 white stork derived sera
scored positive for HHBV preS antigen in the ELISA (data
not shown). On the immunoblot an immunoreactive band
comigrating with the major HHBV preS protein of 36 kDa
was observed with the ELISA-positive sera. No signal
was seen with the ELISA-negative samples (for a repre-
sentative blot, see Fig. 1). Interestingly, none of the 24
sera of 15 other members of the stork family analyzed
(see Materials and Methods for details) was positive by
immunoblotting. Notably, the heron sera derived HHBV
preS-specific signals were much stronger on the immu-
noblot than those seen with an equivalent amount of
stork sera (data not shown). This may be due to a low
immunological cross reactivity of HHBV preS antiserum
116 PULT ET AL.with the corresponding protein in the stork sera and/or to
a lower concentration of preS proteins expressed from a
HHBV-related virus in storks (designated STHBV). The
specificity of the signal on the immunoblot for an STHBV-
derived virus protein is supported by the fact that a
corresponding signal was neither detected in a DHBV-
negative duck serum nor in HHBV-negative heron sera.
When the stork serum proteins were analyzed by immu-
noblotting with a polyclonal antiserum raised against the
DHBV preS domain, similar data were obtained as with
the HHBV preS antiserum, except for even weaker but
clearly positive signals at the position of a 36-kDa protein
(data not shown). Taken together, the immunoblot and
ELISA data suggest that 80% of the white storks tested
are infected with an HHBV-related virus. Since all the
STHBV-positive storks were located in two German zoos,
it is currently questioned whether infection was acquired
in the wild or in captivity. However, it is likely that the
virus was originally present in wild stork populations that
were taken into captivity, resulting in vertical transmis-
sion of the infection to their offspring. In any case, STHBV
represents a new member of the avian hepadnavirus
family.
Detection of viral particles in stork sera by electron
microscopy
To obtain further independent evidence for the pres-
ence of HHBV-related stork virus, we searched by elec-
tron microscopy for viral particles in two stork sera. One
serum was STHBV positive as assayed by ELISA and
immunoblotting, the second serum was negative in both
assays. This was achieved by selective attachment of
the viral particles onto an HHBV preS-antibody-coated
carrier, fixation, and ultrathin sectioning. Representative
FIG. 1. A representative immunoblot for detection of HHBV-related
large preS-envelope protein in sera of white storks (lanes 1 to 5) and
black storks (lanes 6 and 7) with anti-HHBV preS antibodies. As a
control, a HHBV-positive and HHBV-negative heron serum (lanes 8 and
9) were loaded.photomicrographs thus obtained (Figs. 2A–2D) showed
viral particles very similar in morphology (mostly round,bilayer lipid membrane, to some degree pleomorphic,
and variable internal granular structure) and diameter
(40–60 nm) to those known for HHBV and DHBV. These
particles were observed only in the positive but not in the
negative serum (data not shown). This provides further
evidence that hepadnaviruses are present in sera of
white storks.
PCR amplification and cloning of STHBV DNA
genomes
Serum samples from the 17 white stork sera were
analyzed for the presence of hepadnaviral DNA with a
PCR-based full-length genome amplification procedure
previously used successfully to screen heron sera for
HHBV (Netter et al., 1997). Using primers homologous to
the so-called nick region of the HHBV genome (P1 and
P2; Netter et al., 1997) and diluted stork sera, amplifica-
tion products about 3 kb in size were obtained from 14
samples, previously scored positive for STHBV in ELISA
and/or immunoblotting. Additional PCR fragments smaller
than 3 kb are likely to represent viral genomes derived from
spliced viral RNA because they did not disappear when
using higher stringency PCR conditions. Similar discrimina-
tion of positive and negative samples in the ELISA, immu-
noblot, and PCR assays suggest that these methods have
similar levels of sensitivity, or that readily detectable levels
of viral antigens and DNA are present in all samples that
tested positive for HHBV-related viral genomes. After puri-
fication of the 3-kb amplification products derived from one
of the positive sera, they were directly sequenced by using
FIG. 2. Viral particles in stork sera as revealed by electron micros-
copy. Four representative photographs (A to D) demonstrate variable
diameters of the particles ranging from 40 to 60 nm and different
staining intensities, similarly as known for DHBV and observed for
HHBV (data not shown).
roduct
117HEPATITIS B VIRUS IN STORKSvarious sequencing primers homologous to known avian
hepadnavirus genomes. Full-length genome amplification
was repeated with STHBV-specific primers and confirmed
that 14 of 17 white storks but none of the sera from the other
stork species were positive (representative examples
shown in Fig. 3). The amplification products sequenced
directly were also cloned, and four individual clones were
sequenced (STHBV 1, 7, 16, and 21). To examine whether
mutations were introduced artificially into the STHBV region
to which the HHBV primers (P1 and P2) hybridized, we
performed an additional PCR with primers hybridizing to
known STHBV sequences up- and downstream of the nick
region. The obtained PCR fragment (STON) was directly
sequenced as well as after cloning (plasmid pSTON).
Sequence heterogeneity of the STHBV genomes
Direct sequencing of the full-length amplification prod-
uct revealed heterogeneity only at very few positions
(data not shown) and this heterogeneity was in close
agreement with the variability at the same positions in
the DNA sequences derived from the four cloned full-
length genomes (see below). The sequence of one of the
cloned genomes (STHBV 21) is representatively shown in
Fig. 4, and those of all four cloned genomes are depos-
ited in the EMBL GenBank (Accession Nos.: AJ251934,
AJ251935, AJ251936, and AJ251937). Sequencing of frag-
ment STON revealed two nucleotide substitutions when
compared to the full-length amplification primer binding
site P2 (T2532C and C2533T), and this was taken into
account and corrected accordingly in the full-length ge-
nome sequence shown in Fig. 4 as well as in the genome
sequences submitted to GenBank. DNA sequence align-
ment of the four cloned STHBV genomes revealed differ-
ences in only 19 positions (for details see Table 1),
indicating little sequence heterogeneity. This is consis-
tent with similar low-sequence heterogeneity between
cloned DHBV and SGHBV genomes obtained from duck
(Scho¨del et al., 1991) and snow goose sera (Chang et al.,
1999) and from direct sequencing of HHBV genomes
FIG. 3. Agarose gel analysis of PCR amplification products derived f
from white storks (lanes 2–13) and black storks (lanes 14–15). The PCR p
control) and with no DNA (lane 17, negative control).amplified from different heron sera (Netter et al., 1997).
Ten of the 19 nucleotide changes are silent for the pre-dicted proteins; four nucleotide changes result in amino
acid changes in the preS domain of the large envelope
protein, and three nucleotide changes result in the over-
lapping P protein domain (Table 2). One of the 19 nucleo-
tide mutations was observed only in cloned genome
STHBV 16 and changes the translation initiation codon of
the small envelope protein to V (Table 1). Therefore, this
genome is obviously defective in viral particle formation
(for functional analysis of STHBV16, see below) and de-
pends on complementation by an S-protein expression
competent virus to be secreted in the form of viral par-
ticles. The defective virus is likely to represent a minor
viral subpopulation in the serum from which it was
cloned because no nucleotide variability was evident at
this position by direct sequencing of the amplification
products (data not shown). Alternatively, this mutation
may have been introduced artificially by PCR. We con-
sider this less likely because the PCR conditions used
minimize PCR-derived mutations (Gu¨nther et al., 1998)
and because similar naturally occurring mutants appear
to exist also for other hepadnaviruses (Zo¨llner et al.,
2001). Two of the 19 nucleotide substitutions predict
conservative amino acid changes in the C-terminal end
of the P protein. None of the nucleotide changes is
located in regions that correspond to sequence ele-
ments known to be important or essential for replication
and transcription of DHBV.
DNA sequence comparison and phylogenetic
relationship of STHBV with known avian hepadnaviral
genomes
The STHBV genome was compared to the most
closely matching prototypes of the four known avian HBV
genomes, namely DHBV, HHBV, RGHBV, and SGHBV. All
cloned STHBV genomes are 3033 bp long and thus
represent the longest avian HBV genomes known so far
(Fig. 4). This is due to insertions in the preS region that
is known to be one of the most variable region of HBV
genomes possibly related to its functions in host and cell
rk sera obtained with STHBV primer pair PS1/PS2. The samples were
obtained with 1 ng of overlength STHBV genome DNA (lane 16, positiverom stotropism as well as in receptor recognition. Consistent
with the close relationship of storks and herons, the
118 PULT ET AL.
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and gene organization to the HHBV genomes (Netter et
al., 1997). The comparison of all avian hepadnavirus
genomes available in GenBank (see Materials and Meth-
ods) showed that the DNA sequence divergence be-
tween STHBV and HHBV ranges from 14.2 to 14.5%. The
differences between STHBV and DHBV range from 22.2
to 23.6% and between STHBV and SGHBV from 22.6 to
22.7%, and between STHBV and RGHBV the difference is
22.8%.
The likely evolutionary relationship between STHBV
and the remaining avian hepadnaviruses was further
examined by phylogenetic analysis of all DNA se-
quences deposited in GenBank by using the SplitsTree
program. The tree-like network thus obtained (Fig. 5)
indicates that all avian HBV genomes probably originate
from a common ancestor. Moreover, the tree implies that
STHBV is a distinct member of the family of avian HBVs
and confirms the close relationship between STHBV and
HHBV. DHBV subgroups correlate with the geographical
FIG. 4. Nucleotide sequence alignment of the cloned STHBV 21 geno
hbdgenm.em_vi), SGHBV (sg15.gcg), and DHBV (hbds31cg.em_vi). D
eletions are artificially introduced into different genomes for optim
ermination codons are indicated by asterisks. Additionally, both featu
ATA box of the preS promoter, and regulatory sequence elements are
TABLE 1
Sequence Variation of Cloned STHBV Genomes
STHBV
clone
Nucleotide
position
Amino acid changes in
different ORFs
preS S P
21 C48T
1 A454G
7 T472C
1 A535T
21 G977A M62I A270T
1 A1035G T82A N289S
1 A1037C T82A N290H
7 T1261C L157P
16 A1296G M1V D376G
7 T1596C S101P V476A
16 T2147C S660P
21 C2186T
21 G2293A
7, 16 C2311A
21 G2362A
21 A2483G I772V
7 A2763G
1 T2847C
1 C2937T
Note. The amino acid change M to V in position 1 of the S-ORF
should prevent translation initiation of the small S-protein.equence indicate the positions of a splice acceptor and splice donor sites, res
y a single dark dot.origin of virus-infected animals (Chinese–Australian ori-
gin vs Indo-European–U.S.–Canadian origin).
Due to the relatively high homology of HHBV with
STHBV, the degree of sequence conservation and differ-
ences in regulatory sequences previously described for
HHBV and other avian hepadnaviruses (Netter et al.,
1997) applies similarly to STHBV. Briefly, totally or simi-
larly conserved are the direct repeated sequences DR1
and DR2, and the unique site for polyadenylation (PAS).
The putative RNA encapsidation signal epsilon of STHBV
is very similar to that of HHBV and, surprisingly, also to
that of RGHBV, but quite different from that of DHBV (Hu
and Seeger, 1997). A second region important for encap-
sidation of the DHBV pregenomic RNA (not present or
essential in mammalian hepadnaviruses) mapped to nu-
cleotides 551 to 719 (Calvert and Summers, 1994) is
conserved between different STHBV isolates (Table 1)
but varies considerably among different avian HBV ge-
nomes (data not shown). A splice donor and acceptor
sequence, which give rise to a spliced transcript in
DHBV and are reported to be essential for virus replica-
tion in vivo (Obert et al., 1996), are also conserved in
STHBV (Fig. 4).
Three transcription factors binding sites (C/EBP, HNF1,
and HNF3) in the DHBV enhancer region (Lilienbaum et
al., 1993, Liu et al., 1994) as well as viral promoter
sequence motifs are all well conserved in STHBV (Fig. 4).
However, the sequence of the binding site for HNF3,
known to be important for the activity of the TATA-less S
gene promoter of DHBV (Welsheimer and Newbold,
1996), is not conserved in STHBV and HHBV.
A perfect consensus sequence element for HNF1, lo-
cated in appropriate distance to the TATA-box of the preS
promoter, is unique for STHBV and less likely to be
functional in HHBV due to two nucleotide substitutions.
Interestingly, the preS1 promoter of human HBV has also
a HNF1 site (Raney et al., 1994). It remains to be shown
whether the HNF1 in STHBV has a similar function for
preS promoter activity as in HBV.
Comparative protein sequence analysis of all avian
hepadnaviruses
At the protein level, the closest homology was ob-
served for the STHBV- and HHBV-specific proteins. Con-
siderable less homology was found for the remaining
types of avian HBVs (Table 2). Also at the protein level,
RGHBV is the next closest virus to STHBV, followed by
that of four known avian HBV genomes (HHBV (hbhcg.em_vi), RGHBV
d dashes represent identical and deleted nucleotides, respectively.
nment. Translation initiation codons are indicated by arrows, and
highlighted by gray rectangles. Transcription-factor binding sites, the
t boxes or in dark shaded ones. Double dots in bold above the STHBVme with
ots an
al alig
res are
in brighpectively. The corresponding branch-point sequence motif is indicated
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120 PULT ET AL.SGHBV and DHBV. This is most obvious when the se-
quences of the most variable viral proteins (preS and X)
are considered (Table 2). Amino acid substitutions in
viral proteins that are unique for STHBV compared to all
other known avian HBVs are predominantly found in the
preS region and the overlapping spacer domain of the P
protein (Figs. 6A–6D).
The preS/S gene encodes the large and small enve-
lope proteins, S and preS. Sequence comparison re-
vealed more amino acids unique for STHBV in the preS
domain and in the overlapping spacer domain of the P
protein than in any of the other viral proteins (Fig. 6A).
Most of these amino acid changes are nonconservative.
About half of them localize in the host range determining
region and in the minimal binding domains for gp180/
gp120, two cellular proteins proposed to represent com-
ponents of the DHBV receptor (Urban et al., 1998, 2001;
Tong et al., 1999; Li et al., 1999; and references therein).
t is therefore conceivable that some or all of the amino
cids in these positions contribute to host-specific re-
eptor recognition and intracellular protein/protein inter-
ctions. Similar to HHBV, but unlike DHBV, SGHBV, and
GHBV, there is no PX[S/T]P motif in the preS domain in
T
Sequence Differences between STH
STHBV preC/C PreS
HHBV 93.8–94.4 78.0–78.6
DHBV 80.6–81.9 47.1–50.6
RGHBV 80.7 52
SGHBV 80.6–80.9 49.7–50.9
FIG. 5. Phylogenetic relationship of all known avian hepadnaviruses
based on DNA sequences available from EMBL databank and estab-
lished by using the SplitsTree software program (Huson, 1998).THBV which has been shown for DHBV to be phosphor-
lated and essential in its phosphorylated form for the
ransactivation activity of the preS protein (Borel et al.,
998, Rothmann et al., 1998). It is conceivable that the
XDP motif, present in the STHBV, HHBV, and also
GHBV preS proteins, mimics constitutive phosphoryla-
ion (Fig. 6A). This speculation is based on the observa-
ion that replacement of serine (S) by the negatively
harged amino acid aspartate (D) in the PX[S/T]P motif of
HBV (S118D) does not interfere with the transactivation
ctivity of the DHBV preS protein (Rothmann et al., 1998).
Unlike the preS domain, the coding region of the small
nvelope protein is highly conserved in all avian hepad-
aviruses including STHBV that shows only a few con-
erved amino acid changes. However, it is interesting to
ote that both STHBV and HHBV S proteins differ from
hose of all other avian hepadnaviruses by a C-terminal
wo amino acid extension (Fig. 6A). A further common
eature of HHBV and STHBV, different from all other
epadnaviruses (Macrae et al., 1991), is that the S protein
nstead of the preS protein has a putative myristylation
ite. Both features may play a role in host-specific virus/
ell interaction only in species of the ciconiiformes order,
o which both herons as well as storks belong.
The preC/C proteins of all avian HBVs including
THBV are all rather highly conserved (Fig. 6B). The
ighest sequence variability is found in the so-called
arge avian insertion domain, which is not present in
ammalian hepadnaviral preC/C proteins (Bringas,
997). The hydrophobic heptad repeat (hhr) domain,
nown to be important for assembly and dimerization of
ucleocapsids (Yu et al., 1996), is highly conserved
among different avian HBVs (Fig. 6B). In common with
HHBV but unlike DHBVs, STHBV has two C-terminally
located potential glycosylation sites; one of them is also
present in RGHBV (Fig. 6B). Up to four putative phosphor-
ylation sites (SPXX motifs), known to be important for
modulation of different functions of the DHBV core pro-
tein (Yu and Summers, 1994), are located in the C-termi-
nal domain of the C protein of all avian HBVs except
STHBV, which lacks the most C-terminally located one
Other Avian Hepadnavirus Genes
% Homology
S Pol X-like
93.5–95.2 81.1–81.6 85.3–88.0
80.8–83.8 68.5–70.1 69.7–74.3
84.4 69.5 83.1
82.0–83.2 70.7–70.8 69.9–71.2ABLE 2
BV and(Fig. 6B). A recently identified threonine/serine kinase
motif common to all hepadnaviral core proteins (Barrasa
p
o
121HEPATITIS B VIRUS IN STORKSFIG. 6. Amino acid sequence alignment of the STHBV 21 encoded viral proteins with those of the four most closely matching prototypes of avian
HBV genomes. Only divergent amino acids are indicated. Deletions introduced for optimal alignment are marked by dashes. Translation initiation and
termination codons are indicated by arrows and asterisks, respectively. Amino acids unique for STHBV are indicated by dark black dots above the
sequence. (A) PreS/S proteins: putative myristylation sites are boxed. Known motifs involved in virus neutralization (WTP) (Sunyach et al., 1999) and
core/preS protein interaction (XDPXL motif) (Yu et al., 1998), phosphorylation sites, a host-range specificity-determining region, as well as the DHBV
preS/gp180/p120 interaction domain, are indicated. (B) PreC/C proteins: The large avian insertion domain and the hydrophobic heptad repeat (Hhr)
are shown. Putative glycosylation sites are boxed. Phosphorylation sites are also indicated. (C) Polymerase protein: the terminal protein, the spacer,
the reverse transcriptase, and the RNase H domains are indicated by , or . and conserved motifs within the different domains are boxed. (D) Xroteins: note, in DHBV, there is no conventional start codon and therefore the DHBV X-protein sequences beginning at the corresponding start codon
f the X-like gene of SGHBV are given.
122 PULT ET AL.et al., 2001) and a nuclear localization signal described
for DHBV (Mabit et al., 2001) is also conserved in STHBV
(Fig. 6B).
The P protein of all avian hepadnaviruses including
STHBV is well conserved, except for the nonfunctional
spacer domain overlapping with the preS region (Fig.
6C). In this region many of the amino acid substitutions
unique for STHBV are concentrated. Completely con-
served are the tyrosine residue in the terminal protein
domain (TP), to which the DNA genome is covalently
linked, as well as the sequences known to be essential
for the reverse transcriptase and the RNase H activities
(Fig. 6C).
STHBV potentially encodes an X-like protein (Fig. 6D)
identical in size (75 aa) and very similar in sequence to
that of HHBV (Netter et al., 1997). This supports our
assumption that these genes are expressed in vivo and
are regulatory proteins similar as known for DHBV and
mammalian X proteins. The coding region for the X pro-
teins encoded by the other avian hepadnaviruses are
slightly longer (SGHBV and possibly DHBV) or shorter
(RGHBV). Except for DHBV which lacks a conventional
start codon (Chang et al., 2001), the expression of X-like
proteins from avian hepadnaviruses remains to be
shown. The species-specific variation in length and se-
quence of the X-like proteins in avian hepadnaviruses
may be necessary for interaction with cellular proteins
that differ and/or are not conserved in the corresponding
animal species.
Functional analysis of STHBV genomes in chicken
hepatoma cells
The competence of the cloned viral STHBV genomes
in viral protein expression, replication, viral particle syn-
thesis, and secretion was examined by transfection of
LMH cells. Plasmids containing cloned overlength
STHBV DNAs (STHBV 16 and 21) and as a control with
head-to-tail tandem constructs of HHBV4 and DHBV3
were used for the transfection experiments. In cell ex-
tracts prepared from LMH cells transfected with DHBV3
DNA, a strong signal for the 32-kDa core protein was
observed by immunoblotting with antiduck core antibod-
ies. Much weaker signals at a slightly higher position (33
kDa) were also observed with extracts from STHBV and
HHBV-transfected LMH cells but not in mock-transfected
cells (Fig. 7A). The weaker signals are probably due to
limited cross-reactivity of the anti-DHBV core antibody
with the core proteins of HHBV and STHBV. The same
samples were also investigated in separate blots for the
presence of preS protein. Immunostaining of the lanes
loaded with the samples derived from the HHBV DNA-
transfected cells with anti-HHBV preS antibodies re-
sulted in a strong signal for preS protein (35 kDa) and
degradation bands or truncated versions thereof (Fig.
7B). A slightly weaker signal at a very similar position (34kDa) was observed with extracts from cells transfected
with STHBV 21 DNA. At this and much longer exposures
of the blot, no corresponding signals were detected with
extracts derived from STHBV 16 DNA and mock-trans-
fected cells (Fig. 7B). At longer exposures a weak signal
was observed with the DHBV 3 sample. Reincubation of
the same blot with anti-DHBV preS antibodies strongly
increased the DHBV-specific preS signal. This demon-
strates that the HHBV preS antibody reacts specifically
with STHBV and only weakly with DHBV preS protein
(data not shown). Moreover, these data imply that STHBV
21 is competent both in preS and core-protein expres-
sion, whereas STHBV 16 is competent only for core
protein expression. The lack of the translation initiation
codon for the small envelope protein in STHBV 16 ap-
pears to interfere with detectable preS-protein expres-
sion and/or lowers its stability, similarly as observed with
a corresponding DHBV mutant (Fernholz, 1992).
To investigate whether STHBV 21 is also competent in
replication, virion assembly, and secretion, DNA was
extracted from cytoplasmic extracts and from viral parti-
cles from the culture medium of the transfected LMH
cells. With the DNA extracted from all three cytoplasmic
FIG. 7. Expression of core and large envelope proteins from STHBV,
HHBV, and DHBV genomes in transfected LMH cells, as determined by
immunoblotting. The core and preS proteins were detected with poly-
clonal anti-DHBV core (A) and anti-HHBV preS antibodies (B).extracts, a typical pattern of replicative intermediates
was revealed by Southern blotting (data not shown).
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123HEPATITIS B VIRUS IN STORKSOpen circular DNA was detected in preparations derived
from viral particles released from cells expressing and
replicating STHBV-, DHBV-, and HHBV-specific genomes
(Fig. 8A) but not in preparations derived from mock-
transfected cells (data not shown).
Analysis of the infectivity of STHBV for duck
hepatocytes
Primary duck hepatocytes were prepared from duck-
lings as described previously (Bruns et al., 1998) and
infected with recombinant STHBV 21, HHBV4, and
DHBV3 virions (m.o.i. 10) previously harvested from cul-
ture medium of LMH cells (see Fig. 8A) transfected with
the corresponding plasmids. Total cellular DNA was ex-
tracted 7 days after infection and analyzed by Southern
blotting. Typical and strong signals for replicative inter-
mediates were observed with DNA from DHBV-infected
cells but no signals with DNA from HHBV- and STHBV-
infected cells (Fig. 8B). Since very inefficient infection of
duck hepatocytes with the STHBV-related HHBV was
reported previously when examined on the single-cell
level by indirect immunofluorescence staining (Ishikawa
and Ganem, 1995), we examined whether the same ap-
plies to STHBV. For this purpose about 106 primary duck
hepatocytes were incubated for 16 h with DHBV- and
STHBV-viremic serum containing approximately 106 ge-
nome equivalents, as determined by Southern blotting of
viral DNA extracted from an aliquot of these sera (data
not shown). Three days after infection the cells were
fixed and stained for core protein with a polyclonal anti-
serum raised against DHBV core protein which cross-
reacts with the STHBV core protein (see Fig. 7A). Bound
antibodies were visualized with fluorescence-labeled
anti-rabbit IgG under the microscope. Approximately 1%
FIG. 8. Southern blot analysis with viral DNA from viral particles shed
into the cell culture medium of LMH cells transfected with cloned
genomic STHBV, HHBV, and DHBV DNA (left). Southern blot analysis of
total DNA isolated from primary duck hepatocytes after incubation with
the recombinant STHBV, HHBV, and DHBV particles (right).of all hepatocytes incubated with DHBV-viremic serum
score positive in this assay, whereas after incubationwith STHBV only about 1 of 105 hepatocytes (0.0001%)
were positive (Fig. 9). These data indicate that STHBV
infects primary duck hepatocytes as inefficiently as or
even less efficiently as reported for HHBV. Our data are
also consistent with the absence of replicative interme-
diates in the Southern blot analysis of DNA from cells
incubated with STHBV (Fig. 7B).
MATERIALS AND METHODS
Animals and sera
Serum samples from 17 white and 2 black storks (Cico-
nia ciconia and Ciconia nigra, respectively) were obtained
from the Tiergarten Nu¨rnberg and the zoo in Dresden,
Germany. Additional stork sera (Ciconia abdimii (2), Ciconia
boyciana (1), Ciconia episcopus (1), Ciconia maguari (2),
Ciconia nigra (2), Ephippiorhynchus asiaticus (2), Ephippio-
rhynchus senegalensis (2), Jabiru mycteria (3), Leptoptilos
rumeniferus (2), Leptoptilos javanicus (1), Mycteria ameri-
ana (1), Mycteria cinerea (1), Mycteria ibis (2), Mycteria
eucocephala (2)) were from various zoos and wildlife parks
n the U.S.A. (San Diego, Miami, Audubon, Fort Wayne) and
indly provided by B. Slikas.
LISA
Sera from storks were screened by enzyme-linked
mmunosorbent assay and/or by immunoblotting for the
resence of STHBV proteins by using a rabbit polyclonal
ntiserum raised against the recombinant HHBV preS
omain (Urban et al., 1998) as follows. Multiwell plates
MaxiSorp Immunoplates; Nunc, Roskilde, Denmark)
ere incubated for 2 h at room temperature with 10 ml
stork sera, diluted 1:10 in EPBS (9.8 mM Na2HPO4, 1.8
M KH2PO4, 165 mM NaCl, 3.2 mM KCl, pH 7.4). After
emoval of fluid, the wells were blocked overnight at 4°C
ith 200 ml T-EPBS (EPBS supplemented with 5% of
Tween 20). Then, the wells were further incubated for 2 h
at room temperature with anti-HHBV preS antibody di-
luted 1:1000 in T-EPBS. After several washings, the wells
were incubated for 1 h at room temperature with horse-
radish peroxidase coupled goat anti-rabbit IgG second-
ary antibodies (Dianova) diluted 1:1500 in T-EPBS. Immu-
noreactive proteins were then visualized by adding 0.5
mg/ml ortho-phenylenediamine and 0.5 ml/ml H2O2. Ex-
tinction was measured at a wavelength of 490 nm by
using an automatic multiscan device (Titertek Multiscan;
Flow Laboratories, Bonn, Germany).
Western blotting
An aliquot of each stork serum (0.2–1.0 ml) was diluted in
0 ml PBS (phosphate-buffered saline, 8.1 mM Na2HPO4, 1.8
M KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4), 2 ml 1 M
TT, and 8 ml twofold-concentrated Laemmli buffer. Thenthe samples were boiled for 5 min, centrifuged at 13 krpm
for 10 min to remove the cellular debris, and separated by
( ograph
v
124 PULT ET AL.20% PAGE. The proteins were transferred to PVDF or Pro-
tran nitrocellulose membranes after electrophoresis.
Then the membranes were blocked for 2 h at room
temperature in 5% dried milk diluted in TBS (Tris-buffered
saline, 50 mM Tris/HCl, 150 mM NaCl), and incubated
overnight at 4°C with anti-HHBV preS at a 1:1000 dilution
in 1% dried milk dissolved in TBS. After several wash-
ings, the membranes were then incubated with horse-
radish peroxidase coupled goat anti-rabbit IgG antibod-
ies at a dilution of 1:10,000 or 1:50,000. Proteins were
then visualized by chemiluminescence (ECL Kit; Amer-
FIG. 9. Testing of the permissiveness of primary duck hepatocytes fo
green). Nuclei are counterstained in blue with Hoechst dye. The phot
ery few STHBV-infected cells.sham Buchler, Braunschweig, Germany).
For the analysis of intracellular viral proteins, trans-fected cells were lysed in an equal volume of Laemmli
buffer, and proteins were analyzed as described above.
For detection of core proteins, a rabbit polyclonal anti-
DHBV core antigen serum (anti-C2989, Schneider et al.,
1991) was used at a dilution of 1:10,000.
Electron microscopic analysis of viral particles in
stork sera
Stork sera were incubated with microcarriers deco-
rated with anti-HHBV preS immunoglobulins. After wash-
V (A) and STHBV (B) by indirect immunofluorescence staining for core
in B is not representative and has been selected to show one of ther DHBing, the carriers were collected by low-speed centrifuga-
tion. The pellet was washed, resuspended in PBS, and
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125HEPATITIS B VIRUS IN STORKSthen transferred into capillary tubes as described (Ho-
henberg et al., 1994).
For morphological investigations the sample-contain-
ing tubes were fixed for 1 h in 2.5% glutaraldehyde in PBS
and washed, and cells were postfixed within the tubes
for 30 min with 1% OsO4 in PBS followed by washing in
BS and 30 min of staining in 1% uranyl acetate in water.
or ultrathin sectioning the capillary tubes were dehy-
rated in a graded series of ethanol and embedded in
RL resin. Ultrathin sections were counterstained with
% uranyl acetate and lead citrate. All electron micro-
raphs were taken with a Philips CM 120 transmission
lectron microscope at 60 kV.
CR amplification and cloning of STHBV DNA from
irions
For cloning of the full-length STHBV genomes, the viral
NA was PCR-amplified without prior DNA extraction by
oiling serum samples for 10 min. The PCR conditions
ere as described recently (Netter et al., 1997) and
ncluded the use of primers (P1 and P2) which anneal to
he nick region of HHBV flanked by heterologous se-
uences at their 59 ends containing restriction sites for
BglII and SapI (underlined below). Sequences of the
primers were as follows: P1 (positions: 2538–2561): 59-
GAAGATCTGCTCTTCATTACACCCCTCTCCATTCGGAGC-
39; P2 (positions 2542–2519): 59-GAAGATCTGCTCTTCG-
TAATCTTAGAGACCACATAGCCT-39.
Alternatively, the following primers perfectly homol-
ogous to the nick region of STHBV and containing
additional heterologous 59 sequences (underlined)
ere used: PS1 (positions: 2544–2567): 59-GAATCGAT-
GCTCTTCATTACACCCCTCTCCATTCGGAGC-39; PS2 (po-
sitions: 2548–2525): 59-GAATCGATGCTCTTCGTAATCT-
TAAGGACCACATAGCCT-3.
For the PCR assay with the PS1 and PS2 primers, we
used 2 ml of the sera diluted 1:200 in water. Nomencla-
ture of avian HBV sequences was according to Sprengel
et al. (1988). All PCR reactions were carried out with the
Expand High Fidelity PCR System (Roche, Penzberg,
Germany), yielding a mixture of 39 single-adenine over-
hang products and blunt-ended products, respectively
(Gu¨nther et al., 1995). PCR products were purified by
sing a QIAquick PCR Purification Kit (Qiagen, Hilden,
ermany). For cloning, the purified products were ligated
nto pUC 18 (GIBCO/BRL, Gaithersburg, MD) -derived T/A
loning vector (pXcmKn12) by using a rapid DNA ligation
it (Roche). The vector was digested with XcmI, leaving
ingle 39 thymidine overhangs. After ligations the sample
as transformed into DH5-alpha bacterial cells (GIBCO/
RL). Four full-length clones (pSTHBV1, pSTHBV7,
STHBV16, and pSTHBV21) were obtained.
To exclude that mutations were artificially introduced
nto the nick region of the STHBV clones during the
ull-length genome amplification with the HHBV-specific
(
Drimers P1 and P2 and to be able to construct overlength
THBV genomes required for hepatoma cell transfection
xperiments (see below), STHBV-sequences were ampli-
ied with primers (P3 and P4) annealing to STHBV-spe-
ific sequences located outside of the nick region: P3 (po-
itions 2151–2172): 59-GTTTACCTTTGCCACGTGTAGC-39;
4 (positions 3029–3007): 59-CTAGCTGTAATGGGATAGT-
AGG-3.
The P3/P4-specific amplification product is about 880
p long. It was purified, ligated into a T/A cloning vector,
nd cloned as described above. The pSTON construct
as obtained which contains the STHBV-authentic nick
egion. All PCR products were analyzed on agarose gels.
NA sequencing of PCR-amplified products and
loned STHBV DNA
Purified PCR-amplified products were directly se-
uenced (see below). For the four constructs containing
he full-length STHBV sequences (pSTHBV1, pSTHBV7,
STHBV16, and pSTHBV21) and also for pSTON, both
trands were sequenced independently. Plasmid DNA
as prepared by the Qiagen plasmid maxi kit (Qiagen)
nd sequenced with avian HBV-specific synthetic IRD
luorescence-labeled primers according to the manufac-
urer’s instructions (SequiTherm long read cycle se-
uencing kit; Epicentre Technologies, Madison, WI). In
ddition, for pUC18-derived clones, M13fwd and M13rev
rimers were used. Primer sequences can be obtained
rom the authors upon request. The nucleotide sequence
ata of the four full-length genomes STHBV1, STHBV7,
THBV16, and STHBV21 have been deposited in the
MBL nucleotide sequence database under Accession
os. AJ251934, AJ251935, AJ251936, and AJ251937, re-
pectively.
omparative DNA and protein sequence and
hylogenetic analyses
Comparative sequence analyses were performed by
sing the PileUp and FastA programs from the Wisconsin
equence analysis package software version 9.1 for
NIX (Genetics Computer Group, Madison, WI) facili-
ated by the Rechenzentrum at the Universtiy of Zu¨rich,
witzerland. The four different STHBV sequences were
ligned to 25 complete avian HBV viral genomes (14
HBV, 5 HHBV, 1 RGHBV, and 5 SGHBV isolates) found in
he EMBL nucleotide sequence database (EMBL release
0.0). The identification numbers, the name of the iso-
ates (if given), and the GenBank accession numbers or,
f not available, the respective references for the hepad-
aviruses given herein are as follows: DHBV: DHBV1/
58567; DHBV3, (Sprengel et al., 1991; HBDCG, (DHBVP2-
)/M60677; DHBVF16/X12798; DHBVCG (IDHBV)/X74623;
CCOLR (DHBV16)/K01834; ALTA-16/AF047045; HBDGADHBVS18-B)/M21953; HBDS31CG (DHBVS-31)/M32991;
HV6350/AJ006350; HBDS5CG (DHBVS-5)/M32990; DH-
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X58568. RGHBV: HBDGENM/M95589. SGHBV: SGHBV7/
AF110999; SGHBV9/AF111000; SGHBV13/AF110996;
SGHBV15/AF110997); SGHBV19/AF110998. HHBV: HBHCG
(HHBV4)/M22056; HeronA–HeronD (Netter et al., 1997). For
phylogenetic analysis of complete avian HBV DNA se-
quences, the method of split decomposition (Bandelt and
Dress, 1992), using a set of aligned sequences as input,
was applied by Udo Toenges, University Bielefeld, Bielefeld,
Germany, with the SplitsTree program (Bandelt and Dress,
1992; Dress et al., 1996; Huson, 1998).
Construction of replication-competent overlength
STHBV genomes for transfection experiments
A PCR-based cloning procedure (see above) was used
to generate two overlength STHBV genomes, pSTOL16
and pSTOL21, used in transfection experiments (see be-
low). pSTON was digested either with NcoI and HindIII or
with HindIII and DraIII, respectively. The two full-length
STHBV plasmids, pSTHBV16 and pSTHBV21, respec-
tively, were each digested with DraIII and NcoI. The
3325-bp NcoI-to-HindIII fragment, the 696-bp HindIII-to-
DraIII fragment, and the respective 2584-bp DraIII-to-
NcoI fragments were used, ligated in a triple ligation
assay in low-melting agarose (GIBCO/BRL), and cloned
into pUC18, yielding the two STHBV overlength genomes
pSTOL16 and pSTOL21, respectively.
Transfection of LMH cells with viral DNA and
analysis by Southern blotting
LMH chicken hepatocarcinoma cells (Kawaguchi et
al., 1987) were grown to near confluency at 37°C with 5%
CO2 in Dulbecco’s MEM/Nutrient Mix F12 (GIBCO/BRL),
supplemented with 2 mmol/L L-glutamine, 100 U/ml pen-
icillin, 100 mg/ml streptomycin, and 10% fetal calf serum.
ells were transfected by calcium phosphate coprecipi-
ation of 20 mg pSTOL 16 or pSTOL 21 plasmids together
ith 2 mg reporter plasmid pCMV/SEAP (TROPIX, Bed-
ord, MA) per 10-cm culture dish. The cells were incu-
ated for 14 h with the precipitate, washed with PBS, and
ncubated for another 2–5 days. Transfection efficiency
as determined 3 days after transfection by a standard
olorimetric assay for placental alkaline phosphatase
SEAP) secreted into the medium (Berger et al., 1988).
Viral DNA was purified from intracellular core particles
and from extracellular viral particles, subjected to 1.5%
agarose gel electrophoresis, and transferred onto Hy-
bond N1 nylon membranes (Amersham Life Science,
uckinghamshire, U.K.) by vacuum blotting as previously
escribed (Pult et al., 1997). Viral DNA was detected by
hybridization of membranes with PCR-generated full-
length DHBV, HHBV, and STHBV DNA probes, 32P-labeled
by rediprime DNA labeling system (Amersham Life Sci-
ence).Infection of primary fetal duck hepatocytes
Thirty milliliters of cell culture medium collected 4
days after transfection of LMH cells with avian HBV
DNAs (see above) was clarified by low-speed centrifu-
gation at 3000 rpm for 15 min. The viral particles from the
supernatant were subsequently centrifuged at 25,000
rpm for 6 h in a SW28 rotor (Beckman, Mu¨nchen, Ger-
many) through a cushion of 20% sucrose. The pelleted
material was then resuspended in PBS, and viral DNA
was isolated and analyzed by Southern blotting (see
above) from an aliquot corresponding to one-tenth of the
original material. The remaining part was further diluted
in modified William’s medium E (WME; GIBCO/BRL) sup-
plemented with 1.5% DMSO, 1 nM insulin, 2 mM glu-
tamine, 10 mM hydrocortisone, 15 mM HEPES pH 7.2, 100
/ml penicillin, 100 mg/ml streptomycin, and used for
nfection experiments of primary fetal duck hepatocytes.
rimary hepatocytes were isolated from 21-day-old duck
mbryos by digestion liver tissue with 0.5% collagenase
Sigma, Deisenhofen, Germany) and subsequently in-
ected as described (Bruns et al., 1998). Cells were har-
ested at day 7 after infection for Southern blot analysis
f intracellular viral replicative intermediates and of DNA
rom extracellular viral particles. Cells inspected by indi-
ect immune fluorescence staining with a polyclonal an-
iserum raised against DHBV core protein were har-
ested 3 days after infection to visualize primary infec-
ions only.
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